The appearance of the earliest members of the genus Homo in South Africa represents a key event in human evolution. Although enamel thickness and enamel dentine junction (EDJ) morphology preserve important information about hominin systematics and dietary adaptation, these features have not been sufficiently studied with regard to early Homo. We used micro-CT to compare enamel thickness and EDJ morphology among the mandibular postcanine dentitions of South African early hominins (N ¼ 30) and extant Homo sapiens (N ¼ 26), with special reference to early members of the genus Homo. We found that South African early Homo shows a similar enamel thickness distribution pattern to modern humans, although three-dimensional average and relative enamel thicknesses do not distinguish australopiths, early Homo, and modern humans particularly well. Based on enamel thickness distributions, our study suggests that a dietary shift occurred between australopiths and the origin of the Homo lineage. We also observed that South African early Homo postcanine EDJ combined primitive traits seen in australopith molars with derived features observed in modern human premolars. Our results confirm that some dental morphological patterns in later Homo actually occurred early in the Homo lineage, and highlight the taxonomic value of premolar EDJ morphology in hominin species.
Introduction
Molar enamel thickness has provided information about hominin taxonomy, functional morphology, and dietary ecology (Kay, 1981 (Kay, , 1985 Martin, 1985; Ungar et al., 2006; Kono and Suwa, 2008; Smith et al., 2008; Olejniczak et al., 2008c) . Although twodimensional (2D) and three-dimensional (3D) studies of relative enamel thickness effectively distinguish between Neanderthals and modern humans Bailey et al., 2014; Benazzi et al., 2015) , enamel thickness has been shown to be homoplastic and does not consistently provide taxonomical information (Smith et al., 2003; Olejniczak et al., 2008b; Skinner et al., 2015) . The utility of dental tissue proportion for the taxonomy of fossil hominins from 4 million years ago (Myr) to recent times is limited due to an insufficient number of detailed analyses and a poorly contextualized fossil record. It was also suggested that simple cross-sectional measurements did not reliably predict observed 3D patterns (Olejniczak et al., 2008b) . To date, enamel thickness in specimens transitional to Homo (here referred to as early Homo) or attributed to premodern Homo (H. erectus or H. ergaster) has been measured largely from naturally fractured teeth (Beynon and Wood, 1986; White et al., 1994) or virtual 2D measurements based on medical computed tomography (CT; Schwartz, 1997) and micro-CT imaging (Smith et al., 2012; Skinner et al., 2015) . Enamel thickness has been reported as being significantly thinner in early Homo than in Paranthropus Wood, 1986, 1987; Rozzi, 1998) . More recently, virtual 2D measurements based on micro-CTs indicated that values obtained in three early Homo molars from South Africa exceeded modern human ranges and were closer to the "hyper thick" Paranthropus condition (Smith et al., 2012) . Also, 2D and 3D measurements both identified thinner enamel relative to dentine proportions in Neanderthal deciduous and permanent teeth, compared with modern humans Fornai et al., 2014; Benazzi et al., 2015) . It has therefore been concluded that molar enamel thickness is highly variable within the genus Homo (Smith et al., 2012) .
Whole crown 3D distribution of molar enamel has been investigated in Australopithecus africanus, Paranthropus robustus, and modern humans with the use of micro-CT (Kono et al., 2002; Kono and Suwa, 2008; Olejniczak et al., 2008b, c; Suwa et al., 2009 ). These studies have suggested distinct patterns among some fossil hominin species, but data on whole-crown enamel distributions from Early to Middle Pleistocene fossil hominins come only from Ardipithecus (Suwa et al., 2009 ), Au. africanus, P. robustus (Olejniczak et al., 2008a, b) , and H. erectus (Zanolli, 2015) . Three-dimensional molar enamel distribution in australopiths is thickest over cusp tips, in contrast to recent humans, who have thicker enamel surrounding the cusp base (Olejniczak et al., 2008b) .
Observations on the morphology at the enamel dentine junction (EDJ) of the postcanine dentition (Corruccini, 1987; Olejniczak et al., 2004 Olejniczak et al., , 2007 Skinner et al., 2009 Skinner et al., , 2010 Braga et al., 2010) have supplemented investigations made separately on enamel thickness distribution. Indeed, primate postcanine EDJ morphology carries useful taxonomic and phylogenetic information (Butler, 1956; Olejniczak et al., 2004 Olejniczak et al., , 2007 Skinner et al., 2008a, b) , and can successfully discriminate between species and subspecies of chimpanzee (Skinner, 2008) . Dentine horn height, crown height, cervix shape, and protostylid expression all preserve taxonomically relevant shape information in Au. africanus and P. robustus. These two taxa show similar 3D EDJ shape and interindividual metameric trends along the molar dentition, but P. robustus preserves a marked reduction in the buccolingual breadth of the distal crown between M 2 and M 3 , and a marked interradicular extension of the enamel cap in M 1 and M 2 . When compared to extant humans, the degree of intra-individual metameric variation is small in Au. africanus, as it is in Pan specimens (Hlusko, 2002; Braga et al., 2010) . Moreover, in the Au. africanus EDJ, the protostylid crest extends mesially around the base of the protoconid dentine horn, whereas in P. robustus the crest seems to be located between the dentine horns of the protoconid and hypoconid (Skinner et al., 2009 ). Analysis of M 2 shape variation in australopiths, South African early Homo, modern humans, and Neanderthals using 3D geometric morphometric (GM) studies has indicated that enamel crown and cervical outlines are less taxonomically informative than outer and inner crown surfaces (Fornai et al., 2015) .
The present work aims to investigate 3D aspects of EDJ shape variation and enamel distribution in mandibular postcanine dentition among South African early Pleistocene hominins and modern humans, with special reference to South African early Homo, to test their taxonomic value and to investigate taxonomically-sensitive features in early Homo. Our study is based on micro-CT data, GM analysis, and a comparative sample of P. robustus, Au. africanus, Neanderthals, and extant H. sapiens.
Materials and methods

Study sample
The focus of our analysis was mandibular postcanine dental material from three South African hominins, SKX 21204, SK 15, and SKX 257, that we regard to be early Pleistocene Homo specimens, attributed either to hominins transitional to Homo (e.g., Homo habilis) or unambiguously considered as premodern Homo (e.g., H. erectus; Wood, 2010) . Currently, the older, East African H. erectus and H. habilis materials are not available for study by the authors, so this paper focuses only on South African early Homo, but it would be very worthwhile to enlarge the sample to include East African materials. We compared the early Homo sample with South African australopith permanent lower postcanines (N ¼ 41) assigned to either P. robustus or Au. africanus, extant H. sapiens (N ¼ 45), and European Neanderthals (N ¼ 16). Our sample contained a number of antimeres, so analyses and interpretation were based on the sample shown in Table 1 : when antimeres were available, the better-preserved side was used or, when antimeres were equally well-preserved, the right side was selected (i.e., antimeres were not averaged). Tooth-by-tooth enamel thickness data including antimeres are reported in the Supplementary Online Material (SOM) Table 1 .
Micro-computed tomography
All South African hominin specimens (except for Sts 52) were scanned using the X-Tek (Metris) XT H225L industrial micro-XCT system at the South African Nuclear Energy Corporation (Necsa; Hoffman and de Beer, 2012 ). Most of the extant H. sapiens specimens (except for all the M 3 s), along with the Montmaurin Neanderthal and one Au. africanus specimen (Sts 52) were scanned at the Institute for Space Medicine and Physiology (MEDES) of Toulouse with a Scanco Medical X-Treme micro-CT scanner. The extant human M 3 s and Neanderthals from La Chaise were scanned by Arnaud Mazurier at the Centre de Microtomographie of the Universit e de Poitiers (equipment X8050-16 Viscom AG; camera 1004 Â 1004). Micro-CT data of the Krapina Neanderthals were downloaded from the NESPOS Database (NESPOS database, 2015) .
Isometric voxel size ranged from 10 to 70 mm. Each specimen was segmented and measured in Avizo 8.0 (Visualization Sciences Group, www.vsg3d.com). Statistical analyses were conducted using R (R Development Core Team, 2012), except for the KruskaleWallis test with Connover's post hoc comparison, which was undertaken using BrightStat (Stricker, 2008) .
3D surface reconstruction
Micro-CT image stacks were imported for semi-automated (modules "magic wand" and "Threshold") and automated (module "Watershed") segmentations, surface reconstructions, and visualizations ("Colormap" option) of whole-crown enamel thickness distributions. The 3D outer enamel surfaces and EDJ surfaces (simplified to 100,000 faces) were calculated using the "unconstrained smoothing" parameter.
Most of our sample contains crowns with no or only slight signs of attrition; 13 teeth showing wear facets reaching the later phase of stage 2 according to Molnar (1971) were excluded from the analysis of enamel thickness. The degree of wear for each fossil specimen is listed in Table 1 . On account of fractures, very small reconstructions were made prior to measurement. In the majority of cases, this involved only very minor additions of dental tissue. It is worth noting that the left dentition of Sts 18 showed a degree of distortion, but we managed to digitally reconstruct the enamel and dentine tissue in good order. 2.3.1. 3D map of whole-crown enamel distribution To investigate the 3D distribution of enamel, we applied the "colormap" option to visualize whole-crown enamel thickness (Kono et al., 2002) . First, we computed the minimal distance from the occlusal to the EDJ surfaces through the "Surface distance" module on Avizo v8.0.
The distances were then visualized at the outer enamel surface using a color scale ranging from dark blue ("thinner") to red ("thicker").
2.3.2. Three-dimensional measurements of enamel thickness Our results and discussion of enamel thickness are based on data yielded from the 3D-b method described by Benazzi et al. (2014) to separate the crown from the root(s); the crown was separated from the root(s) based on the cervical line, and the coronal dentine tissue was sealed by a smooth surface following the curve of the cervical line ("Fill hole" option on Avizo 8.0). As the protocol set by Olejniczak et al. (2008c) has been widely used in previous studies of 3D enamel thickness (e.g., Olejniczak et al., 2008b; Zanolli et al., 2010; Zanolli, 2015) , and one might be interested in a comparative study of the method, we also used the section plane defined by Olejniczak et al. (2008c) to separate the crown from the roots in our molar sample; this dataset is available in SOM Table 2. As described by Olejniczak et al. (2008c) , we first located the most apical plane of the cervical section showing a continuous ring of enamel (plane A). We defined this plane by selecting three landmarks located along the cervical line with the farthest distances to the root; next, plane A was moved gradually toward the roots until the most apical section plane still containing enamel was located (plane B). The plane exactly halfway between planes A and B was taken as the cervical plane, above which coronal measurements were recorded.
Three variables were measured for each specimen: the volume of the enamel cap (Ve, mm 3 ), the volume of the coronal dentine that includes the volume of the coronal pulp (Vcdp, mm 3 ), and the surface area of the enamel dentine junction (SEDJ, mm 2 ). We then calculated two indices of enamel thickness: 3D AET (Ve/SEDJ), the 3D average enamel thickness (mm), and 3D RET (100 Â 3D AET/ (Vcdp 1/3 )), the scale-free 3D relative enamel thickness (Kono, 2004; Olejniczak et al., 2008a) . (White and Harris, 1977; Tobias, 1978; Clarke, 1994) , 2.8e2.4 Ma (Vrba, 1985; but see; Berger et al., 2002) , 2.1 ± 0.5 Ma (Schwarcz et al., 1994) a Segmentation of all Sterkfontein and Kromdraai B samples and some of the modern human samples was done by JB, the others were done by LP. All 3D virtual images of the Neanderthal specimens were provided by Dr. C. Zanolli (NESPOS database, 2015) . In each specimen, dental position(s) marked in bold and italic were only used in EDJ geometric morphometric studies because of wear; the wear stage is estimated according to (Molnar, 1971) . It should be noted that our fossil hominins from Kromdraai B (KB) were not recovered from a single stratigraphic unit and the majority of those discovered before the 1970s, including the two KB P. robustus specimens in our sample (TM 1517 and TM 1600), are of unknown stratigraphic origin (Brain, 1975; Braga et al., 2013) . However, the discovery of a provenanced left humerus shaft fragment (KB 5522), possibly associated with TM 1517g (Thackeray et al., 2005) , indicates that this latter KB specimen could derive from the youngest KB hominin-bearing deposits. b (1) Robinson (1956) , (2) Broom (1949), (3) Broom and Robinson (1952) , (4) Grine (1989) , (5) Brain (1981) , (6) Grine and Daeglin (1993) , (7) Broom (1938), (8) 
Geometric morphometrics
In some cases, especially in fossil specimens, only a tooth from one side was preserved (details in Table 1 ). Any image data from the left side were flipped to obtain a homogeneous right sided sample. For each tooth, we defined a set of landmarks as well as a set of semi-landmarks along the marginal ridge between the main dentine horns (DHs) as an approximation of the marginal ridge (Fig. 1 ). For premolars, the landmarks were placed on the tips of the DHs (i.e., 1. protoconid, 2. metaconid; numbered red circles in Fig. 1) , with 55 semi-landmarks (30 and 15 along the distal and mesial marginal ridges, respectively, and 10 on the transverse crest that connects the two DHs). The molar landmark set included four landmarks on the tips of the DHs (i.e., 1. protoconid, 2. metaconid, 3. entoconid, 4. hypoconid; all marked with numbered red circles in Fig. 1) , with 60 semi-landmarks forming a continuous line beginning at the tip of the protoconid and moving in a clockwise direction. All semi-landmarks were slid along their respective curves, which were separated by the main landmarks.
Statistical analyses
Differences in the distribution of 3D AET and RET between groups were tested using the rank-based KruskaleWallis test with Conover's post hoc comparisons (see SOM Table 3 for details). Summary and boxplots of 3D AET and RET in each taxon are shown in Table 2 and Figure 2 . The GM analysis was conducted using R (R Development Core Team, 2012; packages ade4, scatterplot3d, and shapes). A Generalized Procrustes Analysis (GPA) was performed, and between-group PCAs (bgPCA) were undertaken to explore EDJ morphometric variations between groups (Mitteroecker and Bookstein, 2011; Gunz et al., 2012; Braga et al., 2013) . The first two axes were plotted in order to visualize the shape distribution of each group and the overall shape variation.
Results
3D enamel thickness and distribution
Average and relative enamel thickness (3D AET and RET) values are given in Table 2 and Figure 2 for each species (detailed in SOM Table 1 ). There was considerable overlap of 3D RET among the groups, regardless of dental position. However, only a minor overlap of 3D AET was observed between South African hominin groups and modern human/Neanderthals. Nonparametric tests revealed significant differences in premolar 3D RET and molar 3D AET and RET among the taxa. Conover's post hoc tests further highlighted distinctions between P. robustus, extant humans, and Neanderthals. Extant human premolars have significantly thinner 3D RET than P. robustus. Extant human molars have significantly thinner 3D AET than P. robustus, but significantly thicker 3D RET than Neanderthals. Also, Neanderthal molars showed significantly thinner 3D AET and RET than P. robustus (SOM Table 3 ). Our early Homo M 3 (SK 15) has moderately worn cusp tips but no dentine exposure; we report its enamel thickness because it represents a group with a scarce fossil record, but interpretation of enamel thickness based on such specimens should be undertaken with caution.
Figures 3e6 present the enamel thickness distribution color maps of the best-preserved postcanine dentition of the early Homo, australopiths, and extant humans and the molar dentition of Neanderthals, which because of their preservation are most likely to represent accurately the enamel thickness distribution pattern of each taxon. The rest of the color maps are shown in SOM Figures 1e4. In general, the australopith lower post-canines have Figure 1 . EDJ surface model of a lower premolar (AeC, occlusal, buccal, and lingual views of SKX 21204 from Swartkrans) and a lower molar (DeF, occlusal, buccal, and lingual views of SKW 5 from Swartkrans), illustrating the landmarks collected on the tips of the dentine horns (larger, red circles) and semi-landmarks that run between the dentine horns (yellow circles) used to capture EDJ shape. Abbreviations: thicker enamel over the top or on the apex of the cusp (e.g., Figs. 3A, E and 4A). Early Homo show features similar to extant humans and Neanderthals, with thicker enamel on the lateral aspects of the cusps or on the lateral wall of the crown (e.g., Figs. 3B and 4B).
In P. robustus, the thickest part of the crown is on the apices of the cusp tips (Figs. 3A, 4A , and 6A). Thicker enamel is largely seen on the buccal and distal cusp tips rather than on the lingual cusps, but exceptions to this include SK 23 and SK 855 (SOM Fig. 4B and  D) . Occasionally, thicker enamel is also observed on the molar occlusal basin, where accessory cuspulids are located (Figs. 4A and  5A, B) .
The enamel thickness distribution of our two Au. africanus individuals resembles the P. robustus condition. The Sts 18 LP 4 shows thicker enamel on the protoconid cusp tip, and LM 1 dalthough it shows occlusal wear and, therefore, is not suitable for enamel thickness studiesdexhibits thicker enamel on the buccal and distal wall of the crown (Figs. 3E and 4C) . The other Au. africanus individual, Sts 52, shows thicker enamel on hypoconid and hypoconulid cusp tips and the buccal wall of the crown (Figs. 5C and 6B ). Unlike P. robustus, our Au. africanus sample shows a more unbalanced expression of enamel distribution between buccal and lingual parts of the crown; thicker enamel is located on the buccal aspects, comparable to only a few P. robustus specimens such as TM 1517 and SK 843 (SOM Fig. 4C , E). It is worth noting that the remains of a cingulum are observed on the protoconid of Sts 52 M 3 , forming a bridge that runs vertically on the buccal surface of the protoconid with thicker enamel on the top (Fig. 6B) . Our sample comprises only two early Homo premolars from a single individual (SKX 21204). The thickest enamel of P 3 is observed on the buccal end of the distal marginal ridge, which forms a small accessory cuspulid, on the buccal wall of the protoconid, between the vertical furrows near the mesial and distal crown edges, and also on the notably reduced metaconid tip (Fig. 3B) . The thickest enamel of P 4 is observed along the occlusal edges of the distal marginal ridge and at a small accessory cuspulid located on the buccal end of the mesial marginal ridge (Fig. 3D) . Our early Homo molar, SKX 257, shows a similar pattern of enamel distribution to early Homo premolars. Thicker enamel is observed at the distal occlusal edges of the protoconid and the hypoconulid cusp tips (Fig. 4B) . Thicker enamel is also seen at the tip of a pseudocentroconid located on the occlusal basin, as shown in some P. robustus, modern humans, and Neanderthals (Fig. 4A, E and SOM Figs. 2A and 4I, L). In another early Homo specimen, SK 15 M 3 , the cusps are almost worn flat, retaining little information about enamel distribution, but the lateral aspect is well preserved; the buccal wall shows much thicker enamel than the lingual wall (Fig. 6C) .
The enamel thickness distribution in our extant human and Neanderthal sample shows closer affinity to early Homo. Thicker enamel on extant human premolars is found at the buccal wall of the protoconid (Fig. 3C and SOM Fig. 1DeE ) and also along the occlusal edges of the protoconid (Fig. 3C and SOM Fig. 1G and I ). In molars, thicker enamel is commonly found at the lateral wall of the buccal cusps (Figs. 4E and 5E and SOM Fig. 2BeE ) and on the occlusal edges of the buccal and distal cusps (Figs. 4F and 5D and SOM Fig. 2E and F) .
EDJ geometric morphometric analyses
The Neanderthal sample showed high inter-individual variation in EDJ morphology, which reduced between-group variance among other groups. We thus conducted two separate sets of analyses, one with Neanderthals and one without. Results of the multivariate analysis including the Neanderthal sample are given in SOM Figure 5 and are discussed only when we generalize to the genus Homo.
The results of bgPCA are shown in Figures 7e9 and SOM Figure 5 . Among premolars, early Homo EDJ shape is separated clearly from australopiths along bgPC1. The SKX 21204 P 3 is placed within the extant human scatter (Fig. 7A) , and the P 4 lies in the middle of the plot (Fig. 7B) . In contrast, the molar EDJ shapes of early Homo suggest much closer affinity to P. robustus along bgPC1 (Fig. 8AeC) . Australopithecus and Paranthropus P 3 s are separated from each other along bgPC2 (Fig. 7A ), but their P 4 s cluster closely (Fig. 7B) .
Along bgPC1, the early Homo and modern human P 3 is characterized by equally sized foveae anterior and posterior, an ovalshaped EDJ outline, and an elevated protoconid dentine horn (Fig. 7A, a, b) . Not surprisingly, P. robustus premolars show a larger fovea posterior and a more trapezoidal EDJ outline, and the main cusps are placed more centrally (Fig. 7A, B, a, e) . The P 3 of Au. africanus (Sts 52) exhibits no special affinity to any other specimens: it is placed at the upper end of bgPC2 (Fig. 7A) , with a slender rectangular EDJ outline and an elevated protoconid dentine horn (Fig. 7d) . In contrast, the P 4 s of P. robustus and Au. africanus cluster very close to each other, and P. robustus shows a highly variable EDJ shape along bgPC2 (Fig. 7B) . The early Homo P 4 shows a mix of australopith and modern human features, with no particular assocciation to other groups. Landmarks with the highest eigenvalues are commonly found at either side of the dentine horn tips, suggesting that the area around dentine horn tips contributes most to shape variation (Fig. 7C) .
For molars, Au. africanus is located at the zero point of bgPC1, which separates early Homo from extant humans. Australopithecus africanus is separate from other groups on bgPC2 (Fig. 8AeC) . In all cases, the three Homo groups are scattered, showing few signs of clustering (SOM Fig. 5AeC) . In both bgPCs, early Homo molars plot close to P. robustus, being placed at the lower end of bgPC1, while modern humans cluster at the upper end. The early Homo molars have a consistent, rectangular EDJ outline. Compared with modern humans, the early Homo and P. robustus EDJ is characterized by a flattened topology, with lower and centrally placed dentine horns, and a mesiodistally elongated outline (Figs. 8AeC and 9AeG) . It is worth noting that SK 15, our early Homo M 2 , falls just outside the P. robustus sample, characterized by an oval-rectangular outline and distally expanded marginal ridge, when compared to extant humans (Figs. 8B and 9E) . Moreover, the hypoconulid dentine horns are barely visible in extant human M 2 s, but are pronounced in fossil hominins (Fig. 9F) . With regeard to M 3 s, early Homo again lies at the zero point of the plot, but unlike P 4 , our early Homo M 3 is placed within the P. robustus range (Fig. 8C) .
Australopithecus africanus molars consistently show features transitional from fossil hominins to extant humans along bgPC1. Along bgPC2, the Au. africanus M 1 shows lower lingual dentine horns (Fig. 9D) , M 2 and M 3 are characterized by centrally placed metaconid dentine horns (Fig. 9G, K) , and M 2 also shows a pronounced hypoconulid dentine horn (Fig. 9H ). In addition, Au. africanus molars can be distinguished on the basis of their EDJ outlines; M 1 shows a buccolingually narrow outline and M 2 eM 3 show ovo rectangular outlines (Fig. 8AeC) . As already noted, Au. africanus molars have slightly more elevated dentine horns than P. robustus . This is consistent with our results, as bgPC1 probably contributes to variation of dentine horn height, although our study has a small sample size. Like in the premolars, landmarks with the highest eigenvalues are commonly placed at either side of the dentine horn tips, at the lowest point of ridge curves that connect two dentine horns (Fig. 8D) .
When the Neanderthal sample is included in analysis, Neanderthals and modern humans form two separate groups along bgPC2 (SOM Fig. 5AeC) , and Neanderthal M 1 s and M 3 s show appreciable inter-individual variation, with the distribution covering one-half of the axis/plot (e.g., SOM Fig. 5A and C) . It is also interesting to note that when we introduce Neanderthal data, the M 1 of Au. africanus plots with modern humans, which is probably due to the strongly centrally placed lingual dentine horns in the Neanderthal sample, a distinct character that "compresses" between-group dispersion (SOM Fig. 5AeC, c, g, k) . Neanderthals also show high protoconid dentine horns, and M 3 s show an excessively deep and curved mesial marginal ridge. The shape differences among other species are unclear in the plot for there is a significant inter-individual variation in Neanderthals, although the sample size is small and our generalization is based on landmark shapes yielded by GPA and bgPCA, at either end of the axes (SOM Fig. 5k ). However, it is clear that early Homo molars have a closer similarity to P. robustus than to other Homo groups.
Discussion
Variation in enamel thickness parameters and distribution between groups
We observe a trend for an increase in 3D AET and RET along the premolar dentition in the modern human group and our early Homo individual. However, a limited sample size currently prevents statistical generalization of early Homo enamel thickness. No clear relationship is found between 3D enamel thickness and molar position in australopiths, as already suggested by other studies (Olejniczak et al., 2008b) . We also find that extant human premolars have significantly thinner RET than P. robustus (SOM Table 3 ). Our results on 3D molar enamel thickness in extant humans are consistent with cross-sectional studies. They indicate that extant human M 1 s have significantly thinner enamel than M 2 s and M 3 s (Grine, 2005; Smith et al., 2005) . It is unclear if early Homo also shows this trend, as owing to a small sample size and occlusal Based on the relative enamel thickness categories developed by Martin (1985) and Grine and Martin (1988) , we found that P. robustus and early Homo have similar thick to hyper thick premolars, while Au. africanus and extant humans have thick premolars. Early Homo molars show thick enamel exceeding or lying within respective modern human values (even though our early Homo M 3 has a degree of wear, its enamel thickness is the minimum estimation), and 2D measurements yielded the same results (Smith et al., 2012) . Our 3D reconstructions showing thickenameled molars in Au. africanus are similar to the conclusions reached from cross-sectional 2D measurements (Grine and Martin, 1988; Olejniczak et al., 2008b; Skinner et al., 2015) . Our results are different from another study using 3D measurements, which suggests that Au. africanus molars have moderately thick enamel (Olejniczak et al., 2008b) . Our P. robustus molar RET data are consistent with those from other 2D and 3D studies, suggesting it is thick but not hyper thick (Olejniczak et al., 2008b; Skinner et al., 2015) . Our data on Neanderthal molar enamel thickness are consistent with a number of micro-tomographic analyses (Macchiarelli et al., 2006; Olejniczak et al., 2008a; Benazzi et al., 2011a Benazzi et al., , 2015 .
It is believed that relatively thick molar enamel in recent humans (probably linked to a prolonged lifespan and ontogenetic period) is achieved through a different developmental mechanism than in early thick-enameled hominins (including australopiths and H. erectus; Dean et al., 2001) . Indeed, thick molar enamel in modern humans is the result of a unique odontogenetic process (a reduction of tooth size by decreasing the quantity of the coronal dentine, instead of functional/adaptive mechanisms; Grine, 2002 Grine, , 2005 , and therefore has a limited value for hominin taxonomy (Smith et al., 2012; Skinner et al., 2015) . However, it is believed that such developmental loss of coronal dentine and molar crown size is not present in Neanderthals, as Neanderthal molars comprise less enamel and more dentine than those of extant humans . In addition, Neanderthals show a more complex EDJ surface, with about 10% greater area than modern humans (Macchiarelli et al., 2006) , resulting in thinner enamel thickness. Schwartz (2000) noted that the distribution of enamel thickness could be a strong taxonomic and functional indicator. The relationship between molar enamel distribution and dietary adaptation has been explored subsequently with 2D and 3D methods, indicating that tooth functions may be better understood in terms of 3D distribution of crown enamel, rather than from enamel thickness indices extracted from a single section plane (Macho and Thackeray, 1993; Kono et al., 2002; Kono, 2004; Kono and Suwa, 2008; Olejniczak et al., 2008b; Suwa et al., 2009; Skinner et al., 2015) . The early Homo molars sampled in this study share a similar distribution pattern with H. erectus and extant H. sapiens, where the thickest enamel is commonly found at lateral aspects of a cusp, around cusp bases, and at the buccal aspect of the hypoconulid, rather than the occlusal aspect of the crown (Grine, 2005; Olejniczak et al., 2008b; Zanolli, 2015) . We also observe thicker enamel along or at the end of marginal ridges and crests in Homo specimens, together with proportionately thicker enamel on the lateral surfaces of the "functional" cusps. This may prolong functional crown life by dispersing masticatory forces and by preventing cusp fracture, rather than being an adaptation to hard/abrasive object feeding (Macho and Spears, 1999; Grine, 2005) . Moreover, studies on dental biomechanics in human molars suggest marginal ridges might be high stressbearing areas (Benazzi et al., 2013) , indicating that our observed differences in enamel distribution along marginal ridges between Homo and australopiths could reflect differences in food processing. As has been suggested, occlusal topography, like the presence of grooves, crests, and cusp sharpness, might have more important biomechanical implications than enamel thickness (Benazzi et al., 2013; Berthaume, 2014; Berthaume et al., 2014) . Similar enamel thickness distribution patterns among our early and later members of the genus Homo suggest that this dietary or functional adaptation has probably emerged along the origin of the Homo lineage. On the other hand, thick cuspal enamel exhibited along the postcanine dentition of australopiths could be an adaptation to increase the attritional longevity of wear facets in response to abrasive diet (Lucas et al., 2008) . Studies on enamel thickness in other mammals such as cave bears also support that thick enamel could be considered as an adaptation to hard and abrasive plant-based food sources, while thin enamel could indicate an exclusive carnivorous diet (Mackiewicz et al., 2010) . Our data on enamel thickness distribution are in line with previous studies demonstrating diversified dietary habits between P. robustus and early Homo, and the more specialized masticatory apparatus of P. robustus (Laden and Wrangham, 2005; Balter et al., 2012) . As stated by Villmoare et al. (2015) , genus Homo may arise at ca. 2.8 Ma (but see Hawks et al., 2015) , and further investigations of enamel thickness distribution in early Homo species in East Africa may yield a better understanding of the evolutionary trends and adaptive significance of enamel thickness distribution in early Homo. Our database on enamel thickness and its distribution pattern could offer some insights into the affinity of specific taxonomically uncertain specimens.
Variation in EDJ morphology between groups
The differences we observe between P. robustus and Au. africanus molars in dentine horn height, relative dentine horn positions, and EDJ outline have already been reported (Robinson, 1956; Suwa et al., 1996; Olejniczak et al., 2008a; Skinner et al., 2008b) . However, we record a transitional feature on the EDJ level, along the postcanine dentition of our early Homo sample. In particular, premolars of early Homo show EDJ shapes that closely approximate the extant human condition, with equal-sized foveae anterior and posterior, and higher protoconid dentine horns, while the molars show a relatively low EDJ topography associated with a mesiodistally elongated occlusal basin, to some extent reminiscent of the primitive hominin condition (Macchiarelli et al., 2004; Skinner et al., 2008b; Braga et al., 2010) . Similar primitive features are also evident on the lower molars of some African H. erectus/ergaster and Homo heidelbergensis, while Javanese H. erectus displays derived morphology approximating that seen in modern humans (Zanolli et al., 2014; Zanolli, 2015) . As shown by other studies, molar EDJ shape is somewhat taxonomically informative among hominins (e.g., Corruccini, 1987; Skinner et al., 2008b) . However, while the premolars of South African early Homo show closer affinities to extant humans, their molars certainly cluster with those of australopiths. Moreover, while the upper second molar EDJ of early Homo can be distinguished well from australopiths (Fornai et al., 2015) , we found the lower molars to be much closer to the australopith condition. Our bgPCA shows higher eigenvalues at either side of the dentine horn tips, and also at the lowest point of the marginal ridge, and different parts of the marginal ridges show different degrees of contribution to shape variation; this may suggest the position of dentine horn tips alone is a relatively weak indicator to shape variation.
A study on molar GM in capuchins suggests that molar shapes reflect different influences depending on molar position (i.e., M 1 represents phylogenetic affinities and M 2 indicates biogeographic variability; Delgado et al., 2015) , probably due to differences in biomechanical demands and the magnitude of biting forces involved in food processing (Spencer, 2003) . Our observed differential expression of EDJ morphology in hominin postcanine dentition related to tooth position could also, therefore, represent different influences.
A previous study on the biomechanical implications of EDJ topography suggests that the grooves, fissures, and crests might act to increase the structural stiffness of the tooth, as they are the stress-bearing features (Benazzi et al., 2011b) . This supports the hypothesis that a strong expression of the protostylid in Au. africanus molar EDJ could reinforce the crown, a suggested dietary adaptation (Skinner et al., 2009) . Previous studies also correlated enamel thickness, EDJ shape, and diet (Martin, 1983; Macchiarelli et al., 2006; Suwa et al., 2007; El Zaatari et al., 2011) , but enamel thickness and EDJ shape are not necessarily connected (Smith et al., 2006) . Relatively tall dentine horn tips might be associated with thin enamel in Gorilla molars, as both characters are related to folivory (Martin, 1983) , while a relatively flat dentine horn tip and thick enamel suggest a concurrent adaptation to hard and/or abrasive food items (Suwa et al., 2007) . Thin enamel and complex EDJ topography in Neanderthals compared to modern humans (Macchiarelli et al., 2006) could indicate a high proportion of meat in the diets of Neanderthals (El Zaatari et al., 2011) . We suggest that the thick enamel and higher/lower dentine horns in Au. africanus/ P. robustus could, therefore, represent dietary diversification. Nevertheless, further studies on paleodiet, biomechanics, and EDJ surface complexity are needed.
Conclusion
Analyses of mandibular postcanine 3D enamel thickness reveal considerable overlap among the P. robustus, Au. africanus, South African early Homo, and extant humans. While we observed significant differences in enamel thickness between australopiths and extant humans, all four taxa investigated here show relatively thick enamel. This result supports the idea that measures of enamel thickness have limited taxonomic value in hominins, although the relatively thinner molar enamel in Neanderthals compared with modern humans is still a valid taxonomic indicator.
Whole-crown enamel thickness distribution patterns may yield important evidence for dietary adaptation. We conclude that thicker enamel is observed at the lateral aspects of cusps and crown in modern humans and some fossil Homo (Grine, 2005; Olejniczak et al., 2008b; Zanolli et al., 2014) , and was present in some of the earliest members of the genus Homo, suggesting occupation of a different dietary niche as compared to South African australopiths. However, as our data on whole-crown enamel distribution are restricted to qualitative description, without statistical evaluation, interpretations based on whole-crown enamel distribution should be made with caution.
High resolution micro-CT imaging coupled with 3D geometric morphometric analyses of the EDJ can be useful for taxonomic comparisons. While mosaic features are evident throughout the history of human evolution, especially in transitional species (e.g., Kivell et al., 2011; Villmoare et al., 2015) , it is not surprising that we observed a mix of australopith (flattened and elongated EDJ morphology) and Homo-like (premolar EDJ morphology) characters in our South African early Homo sample. However, given the lack of early Homo specimens, the evolutionary/adaptive significance of different EDJ morphologies in the postcanine dentition of early Homo, australopiths, and extant humans is still unclear. The recent discovery of Homo naledi enriches the Homo fossil record . While we observed a complex occlusal surface in our unworn early Homo specimens, H. naledi lower postcanine dentition shows a complex occlusal surface in premolars, but a rather simple topography in molars. A comparative study of dental inner structure of H. naledi will further improve our understanding of the evolution of genus Homo in South Africa. Our results indicate that premolar EDJ morphology has more discriminatory power when distinguishing genus Homo (including Neanderthal) from australopiths. While most studies of EDJ morphology are focused on molars, few investigations have established variation in premolar EDJ morphology, and its contribution to understanding taxonomy needs to be examined with other Plio-Pleistocene hominin species.
The fossil record of South African early Homo dentition is rather limited, but in the meantime, it appears that some taxonomically distinctive features evident in the premolars of extant humans were already present in the early members of the genus Homo, and molar EDJ shapes are highly variable within the genus Homo. Comparative studies on the East African H. habilis and H. erectus would shed light on the evolutionary dynamics of EDJ morphology in early members of the genus Homo.
